Parkinson' s disease (PD) is one of the late-onset neurodegenerative movement disorder. Major pathological markers of PD include progressive loss of dopaminergic neurons, Lewy body formation, genetic mutations, and environmental factors. Epigenetic regulation of specific gene expression via impaired histone acetylation is associated with neuronal dysfunction in various neurodegenerative diseases. In this study, we hypothesized that histone deacetylase (HDAC) inhibitor, valproic acid (VPA), can improve motor function by enhancing cell survival in PD genetic model mice with LRRK2 R1441G mutation. To address this question, we administered VPA in LRRK2 R1441G transgenic mice to determine whether VPA affects 1) histone acetylation and HDAC expression, 2) dopaminergic neuron survival, 3) inflammatory responses, 4) motor or non-motor symptoms. As results, VPA administration increased histone acetylation level and the number of tyrosine hydroxylase (TH) positive neurons in substantia nigra of LRRK2 R1441G mice. VPA reduced iba-1 positive activated microglia and the mRNA levels of pro-inflammatory marker genes in LRRK2 R1441G mice. In addition, VPA induced the improvement of PD-like motor and non-motor behavior in LRRK2 R1441G mice. These data suggest that the inhibition of HDAC can be further studied as potential future therapeutics for PD.
INTRODUCTION
Parkinson' s disease (PD) patients show motor dysfunction including rigidity, tremor, postural instability, and bradykinesia and non-motor dysfunction in emotional control such as depression and anxiety. The pathological hallmarks of PD include loss of dopaminergic (DA) neurons in the substantia nigra and the presence of Lewy bodies composed of highly stable α-synuclein (α-syn) in PD patients' brains [1, 2] . Familial PD is associated with several specific gene mutations including leucine-rich repeat kinase (LRRK2), α-syn, Parkin, PTEN-induced putative kinase 1 (PINK1), DJ-1 and more [3] [4] [5] [6] [7] .
Previous studies have revealed pathophysiological role of LRRK2 in PD and a strong correlation between LRRK2 and inflammatory responses. Several evidences suggested that LRRK2 could act as a modulator of inflammatory response through toll like receptor (TLR) family signal pathway [8, 9] . LRRK2 R1441G mutation increased tumor necrosis factor-α (TNF-α) release and decreased inhibitory cytokine interleukin-10 (IL-10) secretion in LPSstimulated microglial cells [10] . Moreover, inhibition of LRRK2 or knockdown of LRRK2 decreased the secretion of TNF-α in 505 www.enjournal.org https://doi.org/10.5607/en.2019.28.4.504 VPA Induces Neuroprotection in PD Mice rat primary microglia [11] . These evidences suggest that LRRK2 has important role in pathological process of PD through inflammatory mechanism and LRRK2 mutation may induce abnormal inflammatory responses in PD.
Histone acetylation is a dynamic process which is catalyzed by two enzymes histone acetyltransferase (HAT) and histone deacetylase (HDAC) [12, 13] . The acetylation or deacetylation of histone N-terminal tails allows for control of accessibility to DNA by altering the interaction between histones and DNA sequences in the chromatin [14] . In general, this hyperacetylation of histone residue is strongly related to relaxing the chromatin structure, thus leading it to be more accessible to transcriptional activation [15] . Acetylated histone or non-histone protein exert their neuroprotective effects by reducing inflammatory response and inhibiting neuronal cell death [16] [17] [18] . Regulation of acetylation level of histone could improve neuronal functions in many neurological disorders such as cerebral ischemia, spinal cord injury, and traumatic brain injury [19] [20] [21] .
Several previous studies demonstrated that various HDAC inhibitors, including valproic acid (VPA), class I/IIa HDAC inhibitor, caused hyperacetylation of histone or non-histone proteins and altered the physiological condition of dopaminergic neurons. VPA, SB, and TSA dose-dependently increased the amount of dopamine (DA) uptake in rat primary mesencephalic neuron-glia cultures [22, 23] . VPA decreased the number of microglial cells and the protein level of TNF-α, and oxidative stress level in a timeand dose-dependent manner in rat primary microglia-enriched culture [24] . VPA increased DA uptake and the number of tyrosine hydroxylase (TH)-positive neurons in rat primary mesencephalic neuron-glia culture [24] . SB, VPA, and SAHA, all induced hyperacetylation of histone 3 at Lys 9 and resulted in significant increase in cell viability and increased the number of TH-positive cells under MPP + treatment. Moreover, the administration of VPA in MPTP-treated mice also resulted in increased levels of acetylated histone 3 at Lys 9 and significantly increased levels of striatal dopamine [25] . In this study, we hypothesized that VPA reveals the neuroprotective effect through inflammatory control, which improves PD-like behaviors in genetic PD model containing LRRK2 R1441G mutation.
MATERIALS AND METHODS

Experimental animals and VPA administration
LRRK2 R1441G transgenic mice (FVB/N-Tg 135Cjli/J) were purchased from Jackson Laboratory (Bar Harbor, ME) [26] [27] [28] . The mice were maintained on a 12-h light/dark cycle and fed ad libitum with standard food. All animal studies were approved by the IACUC committee at Hanyang University (HY-IACUC-12-018). LRRK2 R1441G mutant mice at 11 months of age were administered with VPA (Sigma, St. Louis, MO, 200 mg/kg i.p.) or 10 mM phosphate buffered saline (PBS) as vehicle for 7 consecutive days based on the previous publication [29] . All mice were tested in behavioral assessments including rota-rod, open field and elevated plus maze before the first injection and after the last injection of VPA or vehicle. After sacrifice, all experimental mice were prepared for fresh brain tissue samples for biochemical analysis or perfused with 4% paraformaldehyde for immunohistochemical analysis.
Rota-rod test
To determine motor ability and balancing, all mice were tested in the rota-rod behavioral assessments before and after VPA injection as previously described [30] . In the test, mice were placed on the rota-rod (Panlab, Barcelona, Spain) for 60 seconds at the speed of 5 rpm for 4 trials. Latency to fall (sec) was recorded for each mouse at each trial.
Open filed test
To check motor coordination, exploratory behavior, and anxietylike behavior, experimental mice were assessed in the open field test [31] . Mice were placed in the center of a transparent acrylic box (27.5×27.5 cm) and allowed to move freely. The bottom of acrylic box was divided into 25 squares (5.5×5.5 cm) with black lines. Mice were submitted to 3 consecutive trials and each trial was for 4 min. During the test, movements (line crossing, rearing, wall rearing, grooming) and time spent in center 5 squares were counted and recorded for each mouse in each trial. Line crossing is the number of movements in which both hind legs crossed the black line completely. The number of rearing was counted when the mouse stood up by its hind legs. The number of wall rearing was movement in which the mouse stood up and leaned on the wall and placed their forelegs on the wall. The number of grooming was counted when the mouse was keeping itself clean and grooming its facial or body hair.
Elevated plus maze test
To check anxiety-like behavior, experimental mice were tested on the elevated plus maze test as previous described [32] . As short description, the elevated plus maze consisted of two 30×5 cm open arms, and two 30×5×15. maze test, mice were placed on the same center area in the same pattern with free exploration session and time spent and number of entries into each area were recorded for 5 min.
RNA preparation
RNA samples were extracted from freshly dissected brain tissue using TRI Reagent TM (Sigma, St. Louis, MO) according to the manufacturer' s instruction. After adding 500 μl of TRI Reagent, the cell lysate was homogenized by hand-held homogenizer and incubated for 5 minutes. Chloroform, 100 μl (Sigma, St. Louis, MO) was added into each sample and mixed with vigorous shaking for 15 seconds. After incubation for 10 minutes, mixture was centrifuged at 12,000×g for 15 minutes at 4℃ and the aqueous phase was transferred to a fresh tube. Then, 500 μl of 2-propanol per ml of TRI reagent was added and mixed, and then the samples were centrifuged at 12,000×g for 15 min at 4℃. Supernatants were removed, and the RNA pellet was washed by adding 500 μl of 75% ethanol. The samples were vortexed and then centrifuged at 7,500×g for 5 min at 4℃. The supernatant was removed, and the RNA pellet was dried for 20 min. After drying, the RNA pellet was dissolved in DEPC-treated water (Ambion, Austin, TX) and stored at -20℃ until use.
Reverse transcription polymerase chain reaction (RT-PCR)
RNA samples were transcribed into cDNA using Premium express 1 st strand cDNA synthesis system (Legene, San Diego, CA) according to the manufacturer' s instruction. In brief, a total 500 ng of RNA sample were incubated at 65℃ with Oligo (dT). RNA/primer mix were incubated at 37℃ for 50 min after adding reaction mixture. For inactivation of reverse transcriptase, cDNA samples were heated at 85℃ for 5 min and stored at -20℃ until use. The primers which were used to amplify the target genes from the cDNA are shown in Table 1 . PCR was performed with G-Taq DNA polymerase (Labopass, Seoul, Korea) using the following conditions: denaturation step at 94℃ for 2 min, followed by 30 cycles of 30 sec at 94℃, 1 min at 58℃, and 30 sec at 72℃, and termination step at 72℃ for 7 min. PCR products were visualized in 2.5% agarose gel electrophoresis and detected by print-graph image machine (ATTO, Tokyo, Japan). Each visualized band intensity was quantified by Image J program (version 1.46r; NIH, Bethesda, MD) and normalized with the GAPDH expression level.
Protein preparation and western blot
Protein samples were prepared from freshly dissected brain and used for semi-quantitative western blot analysis as previously described [33] . Primary antibodies were used in following conditions: anti-histone H3 (1:2,000; Abcam, Cambridge, MA), antiacetyl histone H3 (1:2,000; Abcam, Cambridge, MA), anti-β-actin (1:10,000; Abcam, Cambridge, MA), anti-HDAC1 (1:2,000; Cell Signaling Technology, Danvers, MA), anti-HDAC2 (1:2,000; Cell Signaling Technology, Danvers, MA), anti-HDAC3 (1:2,000; Cell Signaling Technology, Danvers, MA), anti-iba1 (1:2,000; Wako, Osaka, Japan). Properly matched secondary antibodies were used before ECL reaction: anti-mouse IgG (1:2,000; Vector Laboratories, Burlingame, CA), anti-rabbit IgG (1:10,000; Vector Laboratories, Burlingame, CA). 
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Immunohistochemistry
Immunohistochemistry was performed on brain sections (30 μm), which prepared using microtome (Thermo Fisher Scientific, Rockford, IL) to detect dopaminergic neurons or activated microglial cells in the brain regions of LRRK2 R1441G mice (Fig. 1) . The representative brain sections were selected with reference to a coronal atlas of the mouse brain [34, 35] . We used rabbit anti-TH (1:400; Pel-freez, Rogers, AR) or rabbit anti-ionized calciumbinding adapter molecule 1 (iba-1) (1:300; Wako, Osaka, Japan) primary antibodies. In brief, brain sections were blocked with 5% normal goat serum and 0.5% triton X-100 in 10mM PBS for 1 hour and incubated with each primary antibody for overnight. Sections were incubated with horseradish peroxidase (HRP)linked secondary antibody and the signal was visualized using the DAB peroxidase substrate Kit (Vector Laboratories, Burlingame, CA). For quantification, images were taken under bright field illumination using Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan). From three sections for each experimental mouse, the number of immune-reactive cells was blindly counted by 2 different investigators modified from previously reported cell counting methods [34] .
Statistical analysis
All statistical analyses of behavioral tests and biochemical experiments were carried out using SPSS (version 21; IBM Corp, Armonk, NY). The data analyses were performed using the student' s t-test and ANOVA analysis. A p-value less than 0.05 was considered statistically significant. 
RESULTS
VPA administration increased histone acetylation level without change of HDAC expression in LRRK2 R1441G mice
We administered VPA, HDAC inhibitor, into LRRK2 R1441G transgenic mice to determine whether VPA induces neuropro-tection and behavioral improvement in in vivo PD model. First, we detected the increased level of histone acetylation after VPA administration by western blot using anti-acetylated histone 3 antibody in both LRRK2 R1441G and littermate normal control mice ( Fig. 2A) . Expression levels of actin and histone 3, which were not altered by HDAC inhibition, were considered as loading controls and used for normalization [36] . The protein expression level of HDACs including HDAC1, HDAC2, HDAC3, was not significantly altered by VPA in both LRRK2 R1441G and littermate normal control mice. These data suggested that VPA does not alter the protein expression of HDACs, but presumably alters only HDAC activities. Interestingly, LRRK2 R1441G mice itself showed significantly increased level of HDAC1, HDAC2, HDAC3 expression indicating potential dysfunctional regulation of histone acetylation by LRRK2 R1441G mutations.
VPA Induces Neuroprotection in PD Mice
VPA administration restored the number of dopaminergic neurons in the substantia nigra of LRRK2 R1441G mice
To determine the effect of VPA on the survival of dopaminergic neurons in the substantia nigra, we performed immunohistochemistry (IHC) staining with anti-tyrosine hydroxylase (TH) antibody (Fig. 3A) . LRRK2 R1441G transgenic mice showed a significant decrease in the number of TH-positive dopaminergic neurons in the substantia nigra compared to littermate normal control mice. Interestingly, administration of VPA significantly increased the number of TH-positive dopaminergic neurons in LRRK2 R1441G transgenic mice. These data suggest that HDAC inhibition by VPA could exert neuroprotective effect on dopaminergic neurons in LRRK2 R1441G PD model mice.
VPA administration attenuated the neuroinflammatory responses in LRRK2 R1441G mice
In the previous study, we identified that administration of VPA reduced the mRNA expression of pro-inflammatory genes including NF-κB, IL-1β and TLR4 in blood plasma or hippocampus of Tg6799 AD model mice at 10 months of age [37] . To address the effect of transcriptional regulation by VPA on neuroinflammatory response under LRRK2 R1441G mutation, we determined the population of activated microglia cells in substantia nigra (SN) or striatum (STR) by IHC staining with ionized calcium binding adaptor molecule-1 (iba-1) antibody ( Fig. 3B and 3C ). We found that VPA did not alter the number of the activated microglia in substantia nigra of both LRRK2 R1441G and littermate normal control mice. However, in the striatum, which is the projection area of nigrostriatal dopaminergic pathway, the number of activated microglia was significantly increased in LRRK2 R1441G mice compared to littermate normal control mice and VPA significantly decreased the number of the activated microglia in the striatum of LRRK2 R1441G and littermate normal control mice (Fig. 3C) . We also determined the expression level of iba-1 protein in the cortical projection area of nigral DA neurons and found that VPA significantly decreased the iba-1 expression in LRRK2 R1441G mutant mice (Fig. 3D ). We next determined mRNA expression levels of several inflammatory markers by semi-quantitative RT-PCR in the midbrain regions of LRRK2 R1441G and normal control mice (Fig. 4 ). Remarkably, LRRK2 R1441G mice showed a significantly increased expression of inflammatory response related genes including IL-1β, TLR2, TLR4, CD45, CD11b, TNF-α, IκB-α, compared to littermate normal control mice (Fig. 4) . Moreover, VPA decreased several inflammatory markers including IL-1β and TLR2 in LRRK2 R1441G mice compared to vehicle group. These data suggest that HDAC inhibition by VPA attenuated neuroinflammatory 
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responses that were elevated in LRRK2 R1441G PD model mice.
VPA administration improved behavioral deficits in LRRK2 R1441G mutant mice
To determine VPA effects on the motor or non-motor PD-like behaviors, in in vivo genetic PD model, all experimental mice were assessed in the rota-rod, open field, and elevated plus maze to measure behavioral changes. LRRK2 R1441G mice showed significantly decreased latency to fall in rota-rod test, indicating abnormal motor balance, compared to littermate normal control mice (Fig. 5A) . Interestingly, VPA significantly increased the latency to fall in LRRK2 R1441G mice compared to vehicle group. In addition, VPA significantly decreased the number of rearing and wall rearing, which is related to not only motor capacity but also exploratory behavior or vigilance, in LRRK2 R1441G mice compared to vehicle group (Fig. 5B) .
To find the VPA effects on non-motor PD symptoms which might be associated with mesocorticolimbic pathway, we checked the time spent in center in open field test and cognition behavior in elevated plus maze (Fig. 5C) . In the open field test, LRRK2 R1441G mutant mice showed a significantly increased time spent in center compared to normal group mice (Fig. 5C ). LRRK2 R1441G mutant mice stayed significantly longer time in the center area rather than the boundary area, indicating alteration of anxiety-like behavior. Interestingly, VPA significantly decreased the time spent in the center of LRRK2 R1441G mutant mice compared to vehicle group. In elevated plus maze, VPA decreased the time spent in open arms of LRRK2 R1441G mutant mice compared to vehicle group (Fig. 5C ). This result indicates that VPA administration made LRRK2 R1441G mice to avoid staying in the open arms, suggesting improvement of anxiety-like behavior. Taken together, these data suggest that administration of VPA induced the improvement of motor and non-motor behavioral deficits in LRRK2 R1441G mutant mice.
DISCUSSION
Many recent studies have demonstrated neuroprotective effect of VPA in animal model of neurological diseases. Previously, we found that VPA, an anti-epileptic agent, improves impaired memory, reduces pro-inflammatory markers, and increases the expression of nerve growth factor (NGF) protein in hippocampus of Tg6799 Alzheimer' s disease (AD) model mice [37] . In this study, we addressed to determine the effects of VPA in PD model mice for the neuroprotective effects on dopaminergic neuron survival, neuroinflammation, and PD-like behaviors.
LRRK2 is the most common genetic factor associated with onset of PD. The LRRK2 is comprised of several conserved domains; a leucine-rich repeat (LRR), a Ras of complex (ROC) that belongs to the Rab GTPase superfamily, a C-terminal of Roc (COR), kinase (MAPKKK) and WD40 domain [7] . LRRK2 R1441G point mutation in ROC domain have been found as linked to both familial and sporadic forms of PD [38, 39] . LRRK2 R1441G mutation reduced the rate of GTP hydrolysis to stabilize the GTP-binding of LRRK2 protein to enhance the LRRK2 kinase enzyme activity [40] . LRRK2 R1441G mutation showed the elevated level of expression and secretion of pro-inflammatory marker, TNF-α, in LPS-stimulated microglia and increased neuronal death in cultured cortical neurons [10] . The LRRK2 R1441G mice showed diminished dopamine release level and axonal pathology of nigrostriatal DA projections at 10~12 months of age [26] and showed significant deficits in coordinated motor function by pole test and rota-rod test at 15-16 month of age [28, 41] . HDAC inhibition has been studied to understand the pathological mechanism of various neurodegenerative diseases including Parkinson' s disease. VPA has been widely used as a pan-HDAC inhibitor for various in vitro and in vivo experiments. Previously, Peng et al. demonstrated that VPA treatment protects rat primary mesencephalic neurons from LPS-induced neurotoxicity, increases dopamine uptake, nitrate and iROS, morphological changes of mesencephalic DA neurons [24] . Chen et al. also showed the neuroprotective effect of VPA on MPP + or LPS-induced dopamine degeneration in rat primary mesencephalic neuron-glia cultures by upregulating neurotrophic factors including GDNF and BDNF [22] . Moreover, Kidd et al. showed that VPA increased TH-positive neurons in SN of MPTP-treated mice [25] .
In this study, we used PD model mice with LRRK2 R1441G mutation to determine the in vivo effects of HDAC inhibition on DA cell survival, neuroinflammation, and PD-like behaviors. LRRK2 R1441G mice showed significantly increased levels of HDAC1, HDAC2, HDAC3 proteins compared to normal healthy controls indicating abnormal regulation of histone acetylation by LRRK2 R1441G mutation. Previously, Schwab et al., found that Sirtuin deacetylase activity were decreased in LRRK2G2019S iPSCderived DA neurons [42] . In addition, LRRK2 R1441G PD model mice showed significantly decreased level of TH positive DA neurons in substantia nigra and significantly increased level of iba-1 positive activated microglia cells in the striatum. Overall, LRRK2 R1441G mice showed impaired motor and non-motor behaviors in rota-rod and open field tests. When VPA was administered to LRRK R1441G mice in this study, VPA increased histone acetylation as shown in acetylated H3 protein levels, while the protein levels of HDACs were not altered. These data suggest that the regulation of histone acetylation was not through transcriptional control of HDACs, but through inhibition of enzyme activities. Surprisingly, VPA administration significantly increased TH positive DA neurons and reduced iba-1 positive activated microglia cells suggesting neuroprotective effects through microglia associated neuroinflammation. To further understand the neuroinflammatory responses after VPA administration, we performed quantitative RT-PCR for various inflammation markers. We found that mRNA levels of IL-1β, TLR2, TLR4, CD45, CD11b, TNF-α, and IκB-α were up-regulated by LRRK2 R1441G mutation. In addition, we found that VPA decreased the expression of inflammation markers including IL-1β and TLR2. Various neuroinflammatory responses have been studied to explain pathophysiological mechanism of neuroprotection against the neurodegeneration. For example, TLR2-mediated primary microglial activation has been reported to be associated with necrotic neurons [43] . TLR2 expression level was increased in the striatum of advanced PD patients [44] and in the substantia nigra and the hippocampus in the early stage of PD patients [45] . IL-1β, which binds to IL-1 receptor type 1 (IL-1R1), promotes the inflammatory response through activation of NF-κB in blood cells [46, 47] . NF-κB can enter the nucleus to upregulate genes involved T-cell development, maturation, and proliferation [46, 47] . NF-κB is also involved in diverse function in nervous system including synaptic plasticity and synaptic transmission [48, 49] . IκB-α is a key regulator of NF-κB pathway and has been used as one of the markers of NF-κB related inflammation [50] . The effect of HDAC inhibition has been studied showing repressed the inflammatory gene expression including IL-1β, TNF-α, IL-6, or interferon γ in T cell and B cell [51] [52] [53] . Seet et al. showed anti-inflammatory effects of VPA in post-operative conjunctiva [54] . Chen et al., showed that VPA reduced neuroinflammation and neuronal death in a rat chronic constriction injury model [55] . In addition, previous study 513 www.enjournal.org https://doi.org/10.5607/en.2019.28.4.504
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found that VPA inhibited voltage-gated sodium channels blocking NMDA hypo-function related neurotoxicity [56] , suggesting potential mechanism for prevention of neurodegeneration. It is also possible that altered cytokine levels affect ion channel activities and change neural activity to prevent neural toxicity and so improve motor behavior of mice.
In this study, we determined that VPA decreased mRNA expression levels of several pro-inflammatory markers including IL-1β and TLR2 in LRRK2 R1441G mice indicating reduced neuroinflammation responses which potentially provide neuroprotective environment to DA neurons. Additionally, we have observed that VPA significantly improve both motor behaviors of LRRK2 R1441G mice as shown as latency to fall in rota-rod test, rearing and wall rearing counts in open field test and non-motor behaviors including anxiety as shown as time spent in center in open field test and time spent in open arms in elevated plus maze test. These data are probably by combinatorial effects of neuroprotection, reduced neurodegeneration, and restoration of neural function with neuroregeneration. Morphological changes of neuronal/ glial cells and cellular mechanism under HDAC inhibition can be addressed for future therapeutics of PD. In summary, HDAC inhibition by systemic administration of VPA protects neurons through modulation of neuroinflammation and improves PD-like behaviors in LRRK2 R1441G mutant mice.
